Follicular lymphoma, the neoplastic counterpart of germinal center B cells, typically recapitulates a follicular architecture. Several observations point to the crucial role of the cellular microenvironment in the development and/or progression of follicular lymphoma cells in vivo. The aim of our study was to characterize the spontaneous apoptosis of follicular lymphoma cells in vitro, and the modulation of this apoptosis by follicular dendritic cells.
Introduction
Follicular lymphoma (FL) is the second most common lymphoma in western Europe and the United States, accounting for approximately 20% of all non-Hodgkin's lymphomas. The disease usually follows an indolent course, with the median survival of patients with this malignancy ranging from 8 to 10 years, but is not curable.
1,2 FL cells represent the neoplastic counterpart of germinal center B cells. 3 Cellular accumulation in this disease primarily results from defects in cell apoptosis rather than from accelerated cell proliferation. In the majority of cases (85-90%), FL cells overexpress the BCL-2 protein, an anti-apoptotic factor involved in the mitochondrial pathway of apoptosis, as a consequence of a t(14;18)(q32;q21) translocation. 4, 5 Substantial evidence supports the hypothesis that BCL-2 overexpression is not solely responsible for neoplastic transformation. Indeed, transgenic mice expressing the bcl-2 gene develop polyclonal follicular hyperplasia of long-lived B cells, 6 preceding the appearance of monoclonal B-cell lymphoma after a long latency period, in the form of an aggressive disease, harboring additional genomic alterations. Moreover, the presence of sporadic t(14;18)-bearing B cells has been demonstrated in some healthy individuals. 7 Several observations point to the role of the microenvironment in the development and/or progression of FL in vivo. [8] [9] [10] [11] [12] FL cells, whether in lymphatic tissues or in nonlymphoid organs, recapitulate a follicular architecture 3, 13 in association with follicular dendritic cells (FDC) and are variably infiltrated with other types of cells including reactive activated T cells, 14 macrophages and germinal center dendritic cells. 15, 16 FL cells undergo spontaneous apoptosis when cultured in vitro, 17, 18 suggesting that the neoplastic cells are dependent on signals provided by their associated microenvironment for their survival and growth. Indeed, contact-initiated stimuli, mainly through CD40/CD40 ligand interactions in combination with various cytokine cocktails, can prolong the in vitro survival of FL cells. 18, 19 The relevance of the microenvironment to the biology of FL was recently highlighted by a large-scale gene-expression profiling study, showing that characteristic features of non-tumor cells were a major determinant of the survival of FL patients. 9 FDC constitute the backbone of follicles, and a major component of the follicular microenvironment. In normal lymphoid tissues, FDC provide germinal center B cells with anti-apoptotic signals during their growth, diversification of antibody repertoire and positive selection of high-affinity centrocytes. 20 The adhesion molecules lymphocyte function-associated antigen-1 (LFA-1) and very late antigen-4 (VLA-4), expressed on germinal center B cells, are important to establish contacts with FDC through interactions with, respectively, intracellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), expressed on the FDC. Disruption of these interactions results in apoptosis of the germinal center B cells. 21 FDC block the apoptosis of germinal center B cells through at least two mechanisms: the first one involves switching off a cathepsin-dependent endonuclease activity in the nuclei of germinal center B cells; 22, 23 the second one is prevention of the activation of both caspase-8 and caspase-3 in FDC-adhering germinal center B cells 23, 24 through maintenance of high levels of Fas-associated death domain (FADD)-like converting enzyme (FLICE)-inhibitory protein long isoform (cFLIPL) in germinal center B cells. 24, 25 Adhesive interactions between FDC and neoplastic B cells (in particular FL cells) involving, among others, the ICAM-1 and VCAM receptors, have been documented since the early 1990s; 26, 27 it is thought that these interactions may directly influence the peculiar growth pattern and spread of FL. A few studies have examined the functional consequences of these interactions. Using FDC and neoplastic B cells isolated from lymphoma biopsies, Petrasch et al. demonstrated that FDC enhanced the proliferation of FL cells in vitro. 26 The signals provided by FDC to FL cells in vitro have not, however, been fully characterized. There are several problems hampering the investigation of this area, including the limited availability of biopsy tissues for ex vivo studies on human tumor cells, the difficulties inherent to FDC isolation and maintenance in culture, and the fact that established FL-derived cell lines display autonomous growth.
In the present work, we used the FDC-like cell line (HK 28 ) to model the functional interactions of FDC and lymphoma cells in co-culture. HK cells, derived from FDC-enriched fractions of human tonsils, bind to germinal center B cells and sustain their survival and proliferation. 29, 30 Moreover, the growth-promoting effect of HK cells has been demonstrated by the establishment of a FLderived cell line. 31 The aim of our study was to characterize the spontaneous apoptosis of FL cells in vitro, and the modulation of this apoptosis by HK cells.
Design and Methods

Patients' characteristics
Eleven FL tissue biopsies (ten lymph nodes and one spleen) were used for this study according to a protocol approved by the ethics committee of the Faculty of Medicine of the University of Liège. The lymphomas were primary diagnoses in seven women and four men, with a median age of 57 years (range, 46-81 years). All tissue specimens comprised >85% lymphoma. Grading was performed according to the criteria of the World Health Organization (WHO) classification; 3 three patients had grade I and four patients each had grade II and grade IIIa tumors. All 11 cases were positive for BCL-2 protein expression by immunohistochemistry, and this was confirmed for six patients by western blotting performed as part of this study. In eight cases the BCL2-IgH rearrangement was demonstrated by polymerase chain reaction (PCR) and/or by fluorescence in situ hybridization (FISH), as part of the diagnostic procedure (Table 1) .
Cells
Fresh tissue biopsies were cut into small pieces and digested with collagenase IV (C-5138, Sigma, St. Louis, MO, USA) and deoxyribonuclease I (D-5025, Sigma) in RPMI 1640. After two rounds of enzymatic digestion, the cells were collected, pooled, and passed through a cell strainer (100 µm nylon, Becton 
Cell cultures
HK cells, fibroblasts, Jurkat cells and FL cells were grown in RPMI 1640 supplemented with 10% heatinactivated fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco, Grand Island, NY, USA). Isolated FL cells were cultured alone or were seeded at 1×10 6 cells/mL onto confluent HK cells or fibroblasts in 24-well plates (to assess apotosis) (0.5 mL/well) and in 6-well plates (to measure protein expression by western blotting) ( 
Conditioned media
To prepare conditioned medium from HK cells and fibroblasts, cells were grown in 100-mm dishes in 10 mL complete medium until they became confluent. The medium was replaced with 5 mL fresh complete medium, and cultures were continued for 3 days. The supernatants were harvested as conditioned medium and used directly. Isolated FL cells were cultured with 50% medium (vol/vol).
Transwell experiments
To prevent direct contact between HK cells and FL cells, transwell chambers with cell-culture inserts of 0. 
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adherent to HK cells, HK cells were seeded onto glass coverslips (22×22 mm) overnight and then cultured with FL cells. Cells in suspension (alone and non-adherent cells) were cytospun and FL cells adhered to HK cells on the glass slides were recovered and used directly to determine the percentage of apoptotic cells by the TUNEL assay followed by observation with a fluorescence microscope (Axiovert 25; ZEISS, Oberkochen, Germany). Digital images were obtained with a ZEISS Axiocam HRC and the number of fluoroscein isothiocyanate-positive cells was expressed as a percentage of the total number of adherent lymphoid cells in the same field.
Western blotting
Cell lysates were prepared with the use of RIPA buffer (10 mM Tris [tris(hydroxymethyl)aminomethane], pH 7.4; 150 mM NaCl; 1% Triton ×−100; 0.5% deoxycholate; 0.1% sodium dodecylsulfate [SDS], 5 mM ethylenediaminetetraacetic acid [EDTA]) containing protease inhibitors (complete tablets; Roche, Basel, Switzerland). Aliquots of protein samples (50 µg) or equivalent amounts of FL cells (3×10 6 cells) were mixed with the same volume of double-strength Laemmli buffer (125 mM Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, and 0.002% bromophenol blue). The samples were boiled for 5 min and subjected to SDS-polyacrylamide gel electrophoresis (PAGE) (12% gradient gels). Immunobloting was performed using monoclonal antibodies or polyclonal antisera against actin (A 2066, Sigma); BCL-2 (DAKO A/S, Glostrup, Denmark); myeloid cell leukemia-1 (MCL-1), caspase-3, caspase-8, caspase-9, PARP-1, and c-FLIP (ALX-210-008-R050, ALX-804-305-C100, ALX-804-242-C100, ALX-210-838-R100, ALX-210-302-R100, and ALX-804-127-C100, respectively; Alexis Biochemicals, San Diego, CA, USA); immunodetection was accomplished with the use of horseradish peroxidase-conjugated secondary antibodies (mouse IgG or rabbit IgG, horseradish peroxidase linked whole antibodies, NA931 or NA934, Amersham, Buckinghamshire, UK and polyclonal antibody to rat IgG horseradish peroxidase, ALX-211-052, Alexis Biochemicals) and an enhanced chemiluminescence method (RPN2132; Amersham, Buckinghamshire, UK) involving exposure to X-ray film (Kodak XAR).
Statistical analysis
The statistical significance of differences was determined using a two-tailed paired t test after arcsin transformation for normalization of the data. p-values < 0.05 were considered statistically significant.
Results
Spontaneous apoptosis of follicular lymphoma cells in vitro is partially prevented by co-culture with HK cells
When cultured alone, the numbers of viable isolated FL cells progressively declined over time ( Figure 1A ). After 4 days of culture, the number of viable FL cells dropped to 50% of the initial count. Cell death was related to apoptosis as shown by the annexin V/propidium iodide staining method ( Figure 1B) . By contrast, when FL cells were co-cultured with HK cells, at each time point the numbers of viable cells were higher and the percentages of annexin V/propidium iodide positive cells were lower than in control conditions ( Figure 1A and 1B) . Co-culture with fibroblasts did not induce any significant protection against apoptosis ( Figure 1A and B) . The protective effets of HK cells on FL cell apoptosis were also confirmed by the TUNEL assay ( Figure 1C ). In 11 different FL cases analyzed, the percentage of TUNEL-positive FL cells dropped from 90% (range, 70%-98%) in control conditions to 55% (range, 36%-90%) in co-culture with HK cells (p<0.001) ( Figure 1D ).
Protection by HK cells is reversible and requires cell contact
In order to test whether protection by HK cells is reversible, FL cells were removed from the HK-FL co-culture after 3 days and grown alone for 2 additional days ( Figure 2A ). These cells died rapidly by apoptosis, indicating that the protective effect of HK cells is, indeed, reversible.
The next experiments were designed to determine whether protection by HK cells requires cell contacts. HK cells were seeded onto glass coverslips overnight prior to addition of purified FL cells. On day 6, FL cells that had not adhered to HK cells were collected and cytospun, and the FL cells that had adhered to HK cells on the coverslips were recovered. The apoptotic activity of the two groups of FL cells was assessed by the TUNEL assay. As shown in Figure 2B , the percentage of apoptotic cells among 500  450  400  350  300  250  200  150  100  50  0   100  90  80  70  60  50  40  30  20  10  0   100  90  80  70  60  50  40  30  20  10  0   100  90  80  70  60  50  40  30 (Table 1 ; samples # 1, 2* and 6). (B) Percentages of apoptotic FL cells measured by double staining with annexin V-FITC and propidium iodide, followed by flow cytometric analysis. Data (mean ± SD of three wells) from a demonstrative experiment out of three performed (Table 1 ; samples # 1, 2* and 6). (C) Percentages of apoptotic FL cells measured by the TUNEL assay; the fluorescein labels incorporated in nucleotide polymers were detected and quantified by flow cytometric analysis. Data (mean ± SD of three wells) from a demonstrative experiment out of two performed (Table 1 ; samples # 2 and 6*). (D) Data summarized for ten FL specimens tested (Table 1 ; samples # 1* to 5* and 7* to 11*), with apoptosis measured at 6 days by the TUNEL assay; the fluorescein labels incorporated in nucleotide polymers were detected and quantified by flow cytometric analysis. Horizontal bars indicate the mean value. *: results shown in the corresponding figures. Figure 2C) . Furthermore, when HK cells and FL cells were separed by insert filters, FL cells died by apoptosis to a degree similar to that observed when FL cells were cultured alone ( Figure 2D ).
Spontaneous apoptosis of follicular lymphoma cells in vitro is associated with the activation of caspase-8 and caspase-3 but not of caspase-9
Protein lysates of FL cells were obtained at different time points after seeding (0h, 24h, 48h) and analyzed by western blotting for expression of BCL-2, MCL-1 and proteins of the caspase cascade ( Figure 3 ). The amount of BCL-2, MCL-1 and procaspase-3 remained stable at the three time points examined ( Figure 3A ). More precisely, p20 caspase-3 was present from the beginning of our monitoring in three of six FL cases and after 24h of culture in the three other FL cases ( Figure 3A and data not shown). Although we observed the 17-kDa cleavage product (p17) of caspase-3 in the six cases tested, suggesting that the enzyme was functional, we also verified that the maturation of caspase-3 from its p20/p12 to p17/p12 form induced its catalytic activity. In four FL samples tested, when the 17-kDa-cleavage product (p17) of caspase-3 was present, cleavage of the caspase-3 substrate PARP-1 into a p85 inactive fragment was observed ( Figure 3A) . These results indicate that caspase-3 processing in FL cells can induce its catalytic activity even in the presence of the anti-apoptotic proteins BCL-2 and MCL-1. The processing of initiator caspase-8 and caspase-9 was also studied. In 5/5 FL samples tested, the p43/41 cleaved form of caspase-8 was observed at the beginning of our monitoring whereas the p18 cleaved form was detected after 24h of culture ( Figure 3B ). In contrast, the p37 and p35 cleaved forms of caspase-9 were never found, indicating that procaspase-9 was not cleaved during the spontaneous apoptosis of FL cells. As controls of this experiment, the cleaved forms of caspase-9 were observed in Jurkat cells treated with staurosporine ( Figure 3B) . Collectively, these results demonstrated that FL cell apoptosis is initiated by caspase-8, which leads to activation of caspase-3.
Western blot analysis of c-FLIPL was carried out in lysates of isolated FL cells during spontaneous apoptosis. The four cases tested displayed significant downregulation of c-FLIPL during spontaneous apoptosis ( Figure 3C ), suggesting its possible facilitating role in the triggering of the apoptotic cascade.
Cellular pathways implicated in the protection provided by HK cells
Protein extracts from FL cells cultured with HK cells were analyzed by western blot and compared to those extracted from FL cells cultured alone in order to investigate the effects of HK co-culture on the expression of apoptotic factors. The expression of BCL-2 (data not Apoptosis in follicular lymphoma cells (--b--) . In a set of experiments FL cells were removed from the co-culture on day 3 and seeded alone in culture for 2 days (--ć--). The figure shows the percentages of apoptotic FL cells measured by double staining with annexin V-FITC and propidiun iodide, followed by flow cytometric analysis. Data (mean ± SD of three wells) are from a demonstrative experiment out of two performed (Table 1 ; samples # 4* and 6). (B) FL cells cultured for 6 days in the absence of HK (Alone) were recovered whereas FL cells cultured with HK cells were collected separately as non-adherent (NA) and adherent (Adh) FL cells (as described in Design and Methods). Cells in suspension were cytospun and FL cells adhering to HK cells on glass slides were recovered. After washing with PBS, apoptosis was detected by the TUNEL assay and fluorescein labels incorporated in nucleotide polymers were detected and quantified by fluorescence microscopy. Results from a demonstrative experiment out of three performed are expressed as the mean of triplicate cultures; standard deviations are indicated by bars (Table 1 ; samples # 2*, 3 and 6).
(C) Conditioned media from cultures of HK cells (HK-CM) or fibroblasts (Fibro-CM) were added to cultures of FL cells at 50% (vol/vol), and the percentages of apoptotic cells were determined 6 days later as described above. Results from a demonstrative experiment out of two performed are expressed as the mean of triplicate cultures; standard deviations are indicated by bars (Table 1 ; samples # 4* and 6). (D) HK cells were seeded in 24-well plates and separated from FL cells by a porous membrane (0.4µm pore diameter). After 3 days, the percentage of spontaneous apoptosis was measured by double staining with annexin V-FITC and propidium iodide, followed by flow cytometric analysis. Data (mean ± SD of three wells) are from a demonstrative experiment out of two performed ( 
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shown) and MCL-1 ( Figure 4A) was not modified. The cleaved forms of caspase-8 and caspase-3, which were found after 24h in FL cells cultured alone (Figure 3 ), were not observed in FL cells in co-culture with HK cells ( Figure  4A ), indicating that under these conditions caspase-3 and caspase-8 were not activated. Similarly, PARP-1 was not cleaved (not shown). Moreover, when FL cells cultured with HK cells were collected separately as non-adherent and adherent FL cells, only the lysates obtained from adherent cells showed absence of cleavage of caspase-8, caspase-3 and PARP-1 ( Figure 4B ). Finally, expression of c-FLIPL was maintained in FL cells in culture with HK cells, whereas it was rapidly downregulated in FL cells cultured alone ( Figure 4A ).
HK-induced protection is dependent on adhesion molecule interactions
We next conducted experiments to test whether adhesion molecules expressed on HK-cell membranes might be required for HK-induced protection. Neutralizing antibodies against various surface antigens known to be expressed on HK cells 28 were added into co-cultures of HK and FL cells. Figure 5A shows that both anti-CD54 (ICAM-1) and anti-CD106 (VCAM-1) blocking antibodies induced a strong inhibition of the protective effect conferred by HK cells (percent of apoptosis inhibition ± standard deviation, 40.2±9.1% and 57.9±9.9%, respectively). By contrast, control isotypic antibodies had no significant effect ( Figure 5A ). Anti-CD40 also reduced the level of inhibition of apoptosis (percent of apoptosis inhibition ± standard deviation, 56.3± 13.8%) ( Figure 5A ). The effect of anti-CD54 was reversed by addition of rhICAM/Fc, which interferes with the binding of anti-CD54 to membrane CD54 (percent of apoptosis inhibition ± standard deviation, 88±3.7%) ( Figure 5B ). In order to assess whether ICAM-1 was sufficient to protect FL cells against apoptosis, we plated isolated FL cells in 96-well tissue culture plates in the presence of coated rhICAM/Fc. There was no significant effect on the inhibition of apoptosis of FL cells ( Figure 5B ). Similar results were obtained when soluble rhICAM/Fc was added to the culture medium (data not shown).
Discussion
In line with established evidence that the non-neoplastic environment is critical to the maintenance and/or growth of FL, the findings presented in this report demonstrate that, in an in vitro co-culture system modeling the interactions between FDC and FL cells, the spontaneous apoptosis of FL cells is partially prevented by a FDC cell line (HK). Several lines of evidence have shown that FDC can, at least in part, support lymphoma cell growth in vitro and in vivo. 31 Regarding the prevention of spontaneous apoptosis, although the protective effect of FDC and FDC-like cells towards normal germinal center B cells -naturally prone to apoptosis -has been demon- (Table 1 ; samples # 2, 3, 5 and 6) and three for each other proteins (Table 1; T24h T24h Adh NA Figure 3 . Activation of caspase-8 and caspase-3 but not caspase-9 and downregulation of cFLIP during spontaneous apoptosis of FL cells. Pattern of expression of (A) BCL-2, MCL-1, caspase-3 and PARP-1; (B) caspase-8, caspase-9 and (C) cFLIPL in FL cells upon culture in medium alone. At indicated time intervals, cells were isolated, cell lysates were prepared and aliquots of protein samples were subjected to SDS-PAGE (12%) and immunoblot assay with specific antibodies. Jurkat cells treated or not with staurosporine were used as a control for procaspase-9 cleavage. Six cases were tested for BCL-2, MCL-1 and caspase-3 (Table 1 ; samples # 1 to 6); five for caspase-8 and caspase-9 (Table 1 ; samples # 1 to 3, 5 and 6); and four for cFLIP (Table 1 ; samples # 1 to 3 and 6) and PARP-1 (Table 1; © F e r r a t a S t o r t i F o u n d a t i o n © F e r r a t a S t o r t i F o u n d a t i o n strated in several experimental settings 20, 29, 30 and its mechanisms partly deciphered, 24 the results presented here represent the first formal demonstration of a similar phenomenon in FL.
As a prerequisite to the analysis of the mechanisms involved in HK cell-induced protection, we sought to characterize the pathway of spontaneous apoptosis of FL cells in culture ex vivo, a phenomenon that has been addressed in a few studies and yet remains only partly documented. Existing data mostly pertain to the expression of death suppressor, regulator, and effector proteins. 18 Ghia et al. showed that during the in vitro culture of FL cells, constitutive levels of BCL-2 and MCL-1 were maintained, but BCL-XL, another important mitochondrial anti-apoptotic factor of the BCL-2 family, was downregulated. In accordance with this report, we did not find evidence of downregulation of BCL-2 or MCL-1 during the spontaneous apoptosis of FL cells. We showed that the apoptosis of FL cells ex vivo was associated with the activation of caspases-8 and -3, but not of caspase-9. The finding of caspase-3 activation was expected, as it represents the final common pathway of apoptosis. Interestingly, we found selective activation of caspase-8 suggesting a type I, death-receptor-induced apoptosis, and no significant contribution of the apoptosome formed during mitochondria-dependent apoptosis. 33 Absence of activation of caspase-9 is surprising in the light of BCL-XL downregulation during FL apoptosis. 18 A decrease in BCL-XL levels is likely not sufficient to induce the activation of the mitochondrial pathway, perhaps because of the persistent expression of BCL-2 and MCL-1. Indeed, MCL-1 also exerts an anti-apoptotic function by interfering at an early stage in a cascade of events leading to the release of cytochrome c from mitochondria, which results in the activation of caspase-9. 34 Spontaneous apoptosis of normal germinal center B cells also relies upon activation of caspases -3 and -8, and it has recently been demonstrated that loss of cFLIPL is a key initiator of this phenomenon. 35 Germinal center B cells contain a pre-assembled, but non-functional death-inducing signal complex (DISC) composed of procaspase-8, FADD, and cFLIPL, which prevents the activation of procaspase-8. 35 In vitro culture of germinal center B cells results in rapid c-FLIPL degradation via a caspase-and cathepsin-independent mechanism, which generates a functional DISC that activates caspase-8. 24 We, therefore, sought to determine cFLIPL levels in FL cells. By western blotting, c-FLIPL was detected in lymphoma cells in basal conditions (T0), but its level was drastically reduced after 24 h of culture, and remained very low during the observation period (last time point tested: 48 h). Thus, our findings indicate that loss of cFLIPL, a key initiator of the high levels of cell death in germinal center B cells, is also implicated and likely initiates the spontaneous apoptosis of FL cells in vitro.
We showed that FL cell apoptosis was partly prevented by co-culture with HK cells. This inhibition of apoptosis resulted from a reversion of the mechanisms involved in the spontaneous conditions: prevention of caspase-8 and caspase-3 activation and absence of c-FLIPL downregulation. Three types of stimuli known to prevent apoptosis in germinal center B cells also promote the sustained expression of c-FLIPL in these cells: ligation of the BCR, ligation of CD40, and as-yet-unknown signals delivered by FDC. 24, 35 Indeed, FDC prevent the rapid activation of both caspases-8 and -3 in FDC-adhering germinal center B cells 24 by maintaining high levels of c-FLIPL . 25 It is remarkable that the interactions with the FDC-like cells appear to induce a similar mechanism in FL cells. Adding on the known morphological and phenotypic similarities between germinal center B cells and FL cells, these results indicate striking functional similarities in respect to their spontaneous apoptosis and protection by HK cells. Nevertheless, the intracellular events leading to c-FLIPL regulation in these cells remain to be elucidated. It has been shown that activation of NF-κB and the phosphatidylinostiol-3 kinase (PI-3)/Akt pathways can induce c-FLIPL expression in tumor cells. 36, 37 Moreover, a recent report indicates that inhibition of the PI-3/Akt pathway enhances dexamethasone-induced apoptosis in a FL cell line. 38 Whether these pathways are modulated in our experimental system will be the matter of further investigations.
HK cells have previously been shown to promote the survival of B-cell chronic lymphocytic leukemia cells, which also undergo spontaneous apoptosis when cultured in vitro. This protection was dependent upon the induction of MCL-1. 39 Here, we extend the observations on HK cells, showing they also provide survival signals to FL cells. However, the mechanisms involved in HK cellmediated protection differ, at least in part. Accordingly, although cFLIPL involvement in the apoptosis of chronic lymphocytic leukemia cells has not been investigated, 39 we and others have demonstrated constant levels of MCL-1 during apoptosis of FL cells. Immunoglobulin G1 (IgG1; 30 µg/mL) was used as a control. (B) ICAM-1 neutralizing antibodies were also used in the presence of rhICAM/Fc to test the specificity of the protection inhibiting effects of anti-ICAM-1. Coated purified rhICAM/Fc was used to test whether ICAM-1 was sufficient to protect FL cells against apoptosis. The percentage of spontaneous apoptosis was measured by double staining with annexin V-FITC and propidium iodide, followed by flow cytometric analysis. The level of inhibition of apoptosis observed in coculture with HK cells alone was scored as 100%. The data are reported as percentages of this maximal value. Data are the mean ± SD of three experiments performed on three different specimens (Table 1; 
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To explore the mechanisms underlying the enhanced survival provided by co-culture with HK cells and because cell-to-cell contact was found to be critical for the HK cell-mediated protection of FL cells, neutralizing antibodies against different adhesion molecules expressed on HK cells 28 were added to the co-cultures. These experiments provided evidence of ICAM-1 and VCAM-1 involvement in the HK cell-induced protection. Blocking antibodies recognizing ICAM-1 induced a stronger effect than anti-VCAM-1, perhaps because ICAM-1 is expressed at higher levels than VCAM-1 in HK cells. 28 There is increasing evidence that these adhesion molecules play more complex and important roles than just sticking cells together. ICAM-1/LFA-1 and VCAM-1/VLA-4 interactions lower the threshold of Bcell activation by facilitating B-cell adhesion and synapse formation, 40 and induce protein tyrosine phosphorylation. 41 ICAM-1 also induces the activation of small Gprotein Ras, RhoA family G-proteins, 42 of the Abl tyrosine kinase that controls the expression of cytokines and immune receptors including ICAM-1 and VCAM-1, 43, 44 and of Src-family kinases, leading to the phosphorylation of actin-associated proteins. 45 In our system, it is likely that ICAM-1/LFA-1 and VCAM-1/VLA-4 not only strengthen the physical interactions between FL cells and HK cells/FDC, but also actively induce survival signals. Indeed, ligation of LFA-1 by coated anti-LFA1 antibodies or by soluble purified ICAM-1 failed to induce any significant protective effect on the spontaneous apoptosis of FL cells.
Anti-CD40 antibodies also partially reduced the inhibition of apoptosis. CD40, a type I membrane glycoprotein of the tumor necrosis factor receptor family, is expressed by both FL cells 46 and HK cells. 28 In vivo, T cells represent the main source of CD40 ligand for CD40 engagement on B cells, and CD40 ligation provides essential stimuli for B-cell proliferation and survival and for the induction of B-cell memory in germinal center B cells. [47] [48] [49] In vitro, stimulation of normal or malignant B cells via CD40, in various experimental settings, has been reported in most instances to stimulate B-cell proliferation and survival.
FDC are not reported to express CD40L and we failed to detect CD40L expression in HK cells (data not shown). At least two hypotheses could be proposed to explain the origin of the CD40 signaling in our system. First, FL cells could be the source of CD40L. Indeed, in vitro disruption of CD40-CD40L interactions in B-cell lymphoma cell lines results in the suppression of growth and the induction of cell death. 50 However, CD40L expression in B-cell lymphomas has been evidenced at the mRNA level but not by immunophenotyping, 51 apparently due to a low level expression of the protein in these cells. 52, 53 In another scenario, contamination by a small amount of reactive T cells cannot be formally excluded. Indeed, other cell types contribute to providing indispensable growth support. In particular, recent gene-expression data lend support to the role of T cells and accessory cells in the development and clinical behavior of FL. The insertion of thirdparty cells (such as T cells or macrophages) in our FL/HK model would be helpful to dissect and expand our understanding of the impact of the immune microenvironment on tumor progression.
In conclusion, HK cells constitute a useful model for studying the functional interactions between FL cells and FDC in vitro. The spontaneous apoptosis of FL cells is partially prevented by co-culture with HK cells. Understanding the molecular mechanisms involved in these protective interactions may lead to the identification of therapeutic agents that might suppress the survival and growth of lymphoma cells.
